Fluorescent defects in non-cytotoxic diamond nanoparticles are candidates for qubits in quantum computing, optical labels in biomedical imaging and sensors in magnetometry. For each application these defects need to be optically and thermodynamically stable, and included in individual particles at suitable concentrations (singly or in large numbers). In this letter, we combine simulations, theory and experiment to provide the first comprehensive and generic prediction of the size, temperature and nitrogen-concentration dependent stability of optically active N-V defects in nanodiamonds.
The well documented thermal, mechanical and electronic properties of the various allotropes of carbon, along with their chemical compatibility with other types of nanomaterials, make nanocarbonbased devices an attractive prospect for a variety of applications. 1 Among them, nano-sized diamond is unique, since the surfaces may be functionalized, and the lattice may contain optically active defects.
These defects possess unique optical and spin properties and are already proven candidates for solidstate qubits for use in quantum information technologies. 2, 3 New, emerging applications are also being identified for nanodiamonds in biotechnology and nano-medicine, 4 such as drug delivery, 5, 6 spin imaging 7, 8 and fluorescent biomarkers. 4, 9 In the latter case, an advantage of fluorescent nanodiamond probes over alternative materials [10] [11] [12] for long-term tracking and imaging in vivo is, in part, based on their non-toxicity to a number of cell types. 5, [13] [14] [15] In addition to this, nanodiamonds emit photons capable of penetrating tissue, 16 and exhibit a very high degree of photostability. [17] [18] [19] Each application has different nanodiamond material requirements, and rely heavily on understanding the behaviour and stability of defects in nanoscale hosts. 20 The most widely studied defect in nanocrystalline diamond is the nitrogen-vacancy complex (N-V) 21 ,22 (or color center) which forms when a vacancy migrates to bind with a substitutional nitrogen impurity. [21] [22] [23] [24] [25] The energy-level structure of the negatively charged (N-V) -defect results in emissions characterized by a narrow zero-phonon line (ZPL) at 637 nm (the neutral (N-V) 0 center has a zerophonon line at 575 nm) 21, 26, 27 accompanied by a wide structured side band of lower energy due to transition from the same excited state, but with formation of phonons localized on the defect. The optical emission from N-V centers in diamond nanocrystals synthesized by chemical vapour deposition (CVD) has been shown to strongly depend on the crystal size, and was rarely seen in small diamond nanoparticles < ~40 nm in diameter. 22 Photo-physical characteristics for 25 nm particles have been reported, 23 and most recently N-V emission from 5 nm detonation nanodiamond agglomerates 28 and isolated 8 nm diamonds 29 was shown. To date, all available data points to a strong dependence on crystal size and surface/volume ratio. In order to realise in full any of the diverse applications for N-V centers in nanodiamonds, a clearer understanding of this dependence is imperative. In particular, a predictive model which may be reliably coupled with experimental measurements would be invaluable in reaching this ambitious goal.
The need for stable fluorescent nanodiamonds at different size regimes, targeted to different applications, has prompted renewed interest in aspects such as the surface structure and reactivity, core crystallinity and the location and stability of defects in diamond. The study of impurities and defects within isolated diamond nanomaterials [30] [31] [32] and nanocrystalline diamond films [33] [34] [35] [36] with grain sizes in the order of ~5-100 nm is receiving considerable attention. This attention has been from both experimental and theoretical perspectives, but most of the theoretical studies reported to date have concentrated on exploring the location and configuration of substitutional nitrogen in single crystal (bulk) diamond and colloidal nanodiamond, and not to the N-V complex itself.
In this paper we present a combination of computational, theoretical and experimental results examining the size dependence and stability of the N-V center in nanodiamond. To begin with, we undertook computational modeling to sample the configuration-space of (N-V) 0 and (N-V) -defects by substituting individual defects at over 50 geometrically unique sites along specific lattice directions in representative diamond nanoparticles containing 837 carbon atoms (~2.3 nm in diameter). These calculations were performed using the density functional based tight-binding method with selfconsistent charges (SCC-DFTB), 43, 44 which is a two-centre approach to density functional theory (DFT)
where the Kohn-Sham density functional is expanded to second order around a reference electron density. The reference density is obtained from self-consistent density functional calculations of weakly confined neutral atoms, and the confinement potential is optimized to anticipate the charge density and effective potential in molecules and solids. A minimal valence basis is established and one-and twocentre tight-binding matrix elements are explicitly calculated within DFT. A universal short-range repulsive potential accounts for double counting terms in the Coulomb and exchange-correlation contributions, as well as the inter-nuclear repulsion, and self-consistency is included at the level of Mulliken charges, as described in reference 44. This method has the advantage of being non-periodic, and been selected for use here as it has previously been shown to be suitable for studying the crystallinity of diamond nanoparticles, 45 the electronic properties 46 , and the distribution of substitutional nitrogen.
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The particles used in this study are a C 837 truncated octahedral bucky-diamond, and a hydrogenated C 837 H 252 truncated octahedral nanodiamond, each displaying six {100} facets and eight {111} facets.
The defects were introduced individually along specific 'substitution paths', so as to sample the full range of crystallographically and geometrically unique lattice sites within the particle, to effectively sample the configuration space. In the interest of brevity a full description of these "substitution paths"
is given in reference 37, but in short: Paths A, B, C, D and E extend from the centro-symmetric lattice site out to the terminal site along directions analogous to the X, L, U, K, and W directions in the diamond Brillouin zone, respectively. In the present study, all test structures were first fully pre-relaxed using the conjugate gradient scheme to minimize the total energy, before inclusion of the N-V defects.
Following inclusion of the defect, the entire structure has then been re-relaxed using the same method.
In both cases, the convergence criterion for a stationary point was 10 -4 a.u. ≈ 5 meV/Å for forces.
Presented in figure 1 are the final site dependant defect energies for the (a) hydrogen passivated nanodiamond and (b) bucky-diamond. Bucky-diamond is an all-carbon core-shell particle with an sp 3 -bonded diamond-like core, partially or completely encapsulated by an sp 2 -bonded fullerenic/graphitic (single-or multi-layer) outer shell, while a hydrogen passivated nanodiamond is an all sp 3 diamond particle with each under-coordinated surface atom terminated with (a total of 252) hydrogen atoms. 38 In reality, nanodiamonds may be coated with a number of different chemical groups, 40 but hydrogen is traditionally used to test the generic effect of passivation, which is of interest here. Together, the bucky-diamond and H-terminated nanodiamond structures allow us to investigate the influence of the most important type of surface structures (being graphitized or passivated, respectively).
In figure 1 , the x-axis represents a scaled (dimensionless) nanoparticle radius defined by dividing the distance from the center to the vacancy site r X by the total distance from the center to the extremis (R X ) of each path (X). Hence r/R = 0 is the center, and r/R = 1 is the outermost vacancy site located on a surface, edge or corner. Similarly, relative energy (E r,X -E 0 ) is the total energy of the nanoparticle with a defect at r along X relative to the energy of the nanoparticle with the vacancy in the centro-symmetric position (r = 0). This figure provides an effective potential energy surface for (N-V) 0 and (N-V) -in diamond nanoparticles with the two dominant surface structures observed experimentally.
We are first struck by how different the results are for the bucky-diamond and the hydrogenterminated nanodiamond, and how little the anionic charge affects the thermodynamic stability. In the case of the passivated C 837 H 252 structure (figure 1a and 1c), (N-V) 0 defects are relatively stable within the particle until the substitution site is within 3 atomic layers from the surface/edge/corner. The small energy fluctuations for r/R < 0.6 are due to the redistribution of the excess charge from the donor electron that occur when the defect site is within the Bohr excitonic radius of the particle extremes 37 .
In this region, the nitrogen atom is sp 3 hybridized and the configuration of the defect is constrained.
Although the defect is thermodynamically unfavorable, the energetic barrier for a transformation to a lower energy configuration is too high. At r/R >0.7 there is a ~1.5 -4.5 eV thermodynamic driving force for diffusion that increases the closer the vacancy is to the surface/edge/corner.
In the C 837 bucky-diamond structure (figure 1b and 1d) the defect is highly unstable, and with a substantial thermodynamic (up to ~6 -9 eV) driving force for diffusion within the particle core. In the bucky-diamond particles, where the sp 2 -shell exists, the lattice parameter of the particle is different from the bulk, and a significant amount of strain already exists in the particle. This energy barrier for distortion of the (N-V) 0 and (N-V) -defects is lowered, and depending on the position of the defect the structure of the defective region changes to reduce the total stress and the total energy. This manifests as sub-surface graphitization, since this the defect energy for (N-V) 0 and (N-V) -is lower in sp 2 -bonded regions, and a significant reduction in the site-dependent defect energy. These transformations are common near the surface of nanodiamonds, even when hydrogen terminated, and can be identified in the cores of bucky-diamonds by the large energy fluctuations in figures 1b and 1d which appear as a series of local minima. More information on this is provided in references 37.
Based on these results, one may conclude that both (N-V) 0 and (N-V) -defects will be stable deep within the core of diamond nanoparticles 39 , but will only stay that way when the particles are sufficiently large so as to be predominantly bulk-diamond-like, or they have stable passivated surfaces.
In the proceeding analysis, results for the (N-V) -are used, denoted simply as N-V, but the results for the neutral (N-V) 0 defect have been calculated and are equivalent to (N-V) -within the accuracy of the theoretical and computational methods applied. This is intuitively obvious when one considers the similarity of the raw data (figure 1), upon which the following analysis is based.
It is also possible to use these results to predict the effective concentration of defects and the probability of observation based on the kinetic barriers. The probability of observation (P obs (R,E K )) of a N-V defect in a diamond nanoparticle of radius (R) is a function of the kinetic energy during probing E K , the probability that the defect will diffuse to the surface and escape (P esc (R,E K )) and the probability that a N-V defect will be initially created during synthesis (P form (R)), such that:
The probability of the formation of a N-V defect will be proportional to the concentration of nitrogen present during synthesis (C), the kinetic energy during growth (E K,growth ), and will be a function of the characteristic energy of the defect E d at a position r. This may be approximated by a Boltzmann function, so that:
where P(r) is the probability of the defect being at r, when 0 < r < R. We can see from the results above, that there are two distinct structural environments which may surround an N-V defect. It may be in a sp 3 -bonded environment, in the bulk-like core region, or in a sp 2 -bonded environment, such as in the shell or when the defect induces localized sub-surface graphitization. We may therefore simplify this to:
where E d,core is the characteristic energy of the defect in the sp 3 -bonded core region, E d,shell is the characteristic energy of the defect in the sp 2 -bonded shell region, R core is the radius of the core, and P core and P shell are the probability of the defect being located in the core and shell, respectively. In the case of the former terms, it is possible that coating the surface of the particle with oxygen (or another molecule)
would give slightly different computational results in the shell, but it is unlikely that the extent of the shell region would be altered as this has been shown to be related to the excitonic radius of the nitrogen, and not to the specific surface chemistry. 37 In addition to this, the configuration of the defect is different in the shell, and is not likely optically active, as it is in the core. The latter are related to the fraction of atoms occupying each region, so that we may use P core = N core /N and P shell = 1-N core /N.
Shenderova et al. 41 determined that the total number of atoms (N) in a cuboctahedral diamond particle with n atoms along the (111)/(111) edge is given by:
Since we know from the energy calculations presented above that the shell region consists of 4 to 8 atomic layers for H-terminated nanodiamond and unpassivated bucky-diamond respectively (see figure   1 ), we can also use this formula to determine N core by simply calculating the number of atoms in a particle that is the size of the core. Note that if the nanoparticle has less than 5 atoms along the (111)/(111) edge, then it is effectively "all-shell", as indicated in reference 37.
Similarly, the total probability of escape will be a combination of contributions from the core and shell regions. Each probability of escape will be a function of the input kinetic energy (E K ), due to a combination of the probe and the environment, and the escape energies. These escape energies are denoted by E esc,core (E K ) and E esc,she11 (E K ) for the core and shell, respectively, and are once again described using Boltzmann function. If the E K of the probe is significantly lower than the escape energy for each region then P esc (E K ) will be negligible, whereas when E K = E esc (E K ) the probability for diffusion approaches unity in that region. Hence, the total probability of escape, figure 1 , where E d,core has been subtracted to obtain the relative particle energies in each case. The diffusion of N-V defects is vacancy assisted, and is dominated by the N-C exchange energy. Given that the sp 3 -bonded core is defined as being bulk diamond-like, we have calculated the diffusion barrier for a neutral N-V defect in bulk diamond to be E diff,core = 6.68±0.2 eV, which is in good agreement with previously reported values. 24, 42 Similarly, as we have defined the sp 2 -bonded shell to be graphitic, we have calculated the (c-axis) diffusion barrier for a neutral N-V defect bulk graphite to be E diff,shell =13.3±0.2 eV.
Using E K = 800 ºC and C = 0.1% from experiment, 22 an estimate of the probability of observation of a N-V defect in H-terminated nanodiamond is shown in figure 2a . We can see that particles < ~22 nm in diameter have a < 1 % probability of containing a stable N-V defect, even under ambient conditions.
Alternatively, equation 1 is also dependent on the synthesis temperature (E K , growth ) and C, as we can see from equation (2), so a complementary plot representing the formation conditions may also be generated. This is contained in figure 2b , where the probability of observation as a function of the synthesis temperature and the nitrogen concentration in the precursor materials is given. As one would expect, increasing the synthesis temperature and quantity of N in the precursors increases the probability that N-V defects will be present in the lattice. Naturally, these estimations assume that diffusion occurs on the same timescale as observed in bulk diamond and graphite. Experimental measurements have been conducted to determine the relationship between the size of a diamond nanocrystal and the probability of finding optically active N-V center(s) in them. As mentioned above, observations of the efficiency of N-V in nanocrystalline diamond films produced using the CVD method have previously been reported for a sample with ~20 nanocrystals exhibiting characteristic fluorescence. 22 In this case the probability of N-V defects was found to decrease from around ~15 % in grains ~100 nm in diameter to around 2 % for grains between 60-70 nm in diameter.
Results corresponding to H-terminated CVD nanodiamond observed at room temperature are shown in Figure 2a , where we predict a probability of between 2 -3 % for N-V stability in particles between 60 -70 nm in diameter. This is in good agreement with the previously reported experimental results. 22 Alternatively, using the computational results in figure 1 and diffusion barriers for graphitized buckydiamond particles in equations (3) and (5) gives a prediction of the probability of N-V defects being stable in 5 nm UDD nanodiamonds at room temperature (with 300ppm of nitrogen) of 0.0017 %, and only 0.00004 % in 3 nm particles. While this is incredibly low, the theoretical prediction is in good agreement with the experimentally measured value of 0.00015 % reported in 28. The variation in the predicted values for UDD are due to the particle, but may alternatively be introduced if we assume a monodisperse sample and allow for variations in temperature or nitrogen concentration. In the case of a 4 nm particle, a probability distribution of 0.0006 ± 0.0002% can equally be due to a difference in the (τ) =
<I(t)I(t+ τ)/I(t)
2 >). g (2) is the probability of detecting two simultaneous photons (τ = 0) normalized by the probability of detecting two photons at once for a random photon source: an "antibunching" dip in g (2) indicates sub-Poissonian statistics of the emitted photons and reveals the presence of single quantum-system which cannot simultaneously emit two photons. The contrast in g (2) approximately scales as 1/N, where N is the number of emitters. The precise size of a crystal is therefore matched with the number of N-V centers present inside that crystal.
In figure 4b we see the confocal fluorescence data, where the spots indicate fluorescing centers. Figure 4c is the corresponding AFM data, where the spots identify the heights of the crystals on the sample surface. Note that in (b) the brighter regions correspond to a greater fluorescence intensity, while for (c) the brighter regions correspond to a larger vertical dimension of the corresponding crystal. Figure 5a shows the raw coincidence c(t) (right axis) and the autocorrelation function g (2) (t) (left axis)
for three representative crystals in the sample. The raw coincidence rate c(t) counted during a time T (t) = [C N (τ)-(1-ρ 2 )]/ρ 2 , where ρ = S/(S+B) is related to the signal (S) to background (B) ratio measured independently for each emitter. 47, 48 Curves A and B correspond to crystals containing more than one emitter (g (2) (0)> 0.5), curve C shows g (2) (0) ≈ 0 indicating a single N-V center; the slight offset from zero is attributed to the remaining background fluorescence of the quartz substrate and of the diamond nanocrystal hosting the colour center.
Based on this analysis, Figure 5b is a histogram of the size distribution measured with the AFM for the 3690 nanodiamond crystals on the glass surface, and figure 5c shows the histogram of the probability of finding N-V colour centers in a range of crystal sizes. 49 Figure 5c indicates that the probability of finding N-V centers in HPHT nanodiamond is negligible when the crystal diameter is < 30 -35 nm. The probability of finding 1 N-V incorporated in a diamond nanocrystal (figure 5c, red) becomes significant for crystals of ~ 35 nm in diameter, and a probability of finding more than 1 N-V (figure 5c, grey) becomes significant at ~55 nm in diameter. These thresholds assume the volume scales approximately exponentially with the measured diameter, and that the vacancies have a higher probability to annihilate when they are closer to the surface. 14 These experimental observations justify the assumptions made in equation (1), where P obs (R,E K ) is related to the probability P form (R) of having an N-V defect initially formed, and the probability P esc (R,E K ) that the N-V defect (or associated vacancy) diffuses to the surface and annihilates.
Both P form (R) and P esc (R,E K ) are a function of the radius R of the particle, which can be directly related to the diameter of the crystals measured experimentally and shown in figure 5b and 5c. Our We can see that the trend in experimentally measured N-V content agrees with the theoretically predicted trend for H-terminated or bucky-diamond (partially graphitized surface), or some weighted combination of the two. Although our samples were cleaned using strong oxidizing acids and therefore the surfaces were oxygen terminated, as discussed previously, the difference between an O or H terminated diamond surface is essentially irrelevant until the defect is very close to the surface (where it has already been shown that N-V is not stable). Along with the predictions of the stability and observation of photoactive N-V centers in nanocrystalline diamond, this information is extremely useful for those wishing to customize nanodiamond samples for use in quantum or bio-medical applications 20 .
We have successfully predicted the probability of measuring stable (N-V) 0 center(s) or (N-V) -center(s), since they have been found to be thermodynamically equivalent in diamond nanocrystals over the entire nanoscale; and have used computational results, a theoretical predictive model and direct
experimental analysis to clearly demonstrate the correlation between the probability and the size of the host diamond nanoparticles. Both the theoretical and the experimental approaches show a non-linear increasing probability of finding either N-V centers as the dimensions of the crystal increase. The increasing trend varies depending upon the synthesis methods (characterized by the temperature and nitrogen concentration during growth) and the type of surface terminations. A direct comparison of the size-dependent probability for HPHT, CVD and UDD sample with a probe (kinetic) energy of 532 nm is shown in figure 6 , where these differences are immediately apparent. In general, the results for the hydrogen terminated nanodiamond particles scale as 1/R 3 , whereas the bucky-diamonds scale as 1/R 2.72 .
This is, of course, a consequence of the defects being stable only within the core region of the buckydiamonds, which has a reduced radius with respect to the total size of the particle. Our analysis is complementary to the previously reported statistical Monte Carlo results (rather than competitive), as it considers the probability of observation of an N-V in given particle volume, as opposed to the probability of diffusion of a vacancy via a random walk through the diamond lattice. 28 Unlike the previous study however, the present approach allows for different surface structures, growth temperatures and probe energies to be considered for the very first time.
Furthermore, the experimental measurements provide additional identification of the critical dimension for which (under the conditions employed), the probability of finding a single N-V defect is optimal. We have demonstrated experimentally and in theory that irrespective of the method of incorporation, N-V defects are significantly more stable in nanodiamond matrices with dimensions sufficiently large to show at least some bulk-diamond behaviours. It has been demonstrated experimentally that ion-implantation can enhance the occurrence of N-V in nanodiamonds relative to as-grown material. In this paper we have described cases where N is incorporated during growth, but our method could also be applied to ion bombardment by replacing equation (3) with an appropriate term, or extending the model to include this step.
In addition to the key results, the analysis presented in this paper shows how theoretical and experimental approaches can work effectively together to improve our understanding of diamond as a host to scientifically and technologically important defects. We have generated and verified a predictive framework for those working in different application spaces wishing to understand the baseline properties of the available material. 
